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EXLCUTIVE SUMMARY

buring tne perioa of 1 February 1983 to 31 uJanuary 1vby, Mcbonnell
Aircraft Company (MLALK) completea Pnase [ of a tnree-phase program to
demonstrate that lon Vapor Deposited (IVL) aluminum coating can replace toxic
caamium processing at the Air Logistics Centers (ALus). The tnrust cf ine
program 1s tc reauce hazaraous waste production. Research anag aevelophient
considerea necessary for an across-the-poara replacement of caamiun will bLe
conductea auring Pnase Il of tre program. Procurement of an [Vu aluminun
coater will be supportea duriny Phase 1l. The coater will be installeu at an
ALC site for the demonstraticn of tne [VU aluminum process auring ¢nase lli

of the program.

A compilation of data comparing the [VD aluminum process to tne various
caamium processes has been a-semblea into a data base nanabooxk. Tnis
nanubouk Provides the aesigner or process engineer witn a technical data
source when considering a substitute for caamium. It alsc incluces a review
CT aircrart parts now processed witn caamium at the five ALls ¢ duentir,
parts ftor whicn IVD aluminum can immeaiately replace cadmium witnocut cconcern
ana dagentify parts wnicn exhipit "areas o1 concern." Kesearcn  &nd
aevelopnent reconmmenaations are made for supplemental processing to Ue uScu
witn IVU aluninun to enadle adequate replacement T caumium prucessing Tor
parts exhibiting "areas of concern." Processing costs ana environmental

impact comparisons are made between VU aluminum and cacmium. Ivo aluminum

L

processing was generally less expensive than caamium, anc¢ tne ivo aluninum
h

process 1s nonpolluting.  MuaAlr ang the Oxlanuma vity ~ol coatea “typical

ALL parts with VU aluminum that are now processed witn cadmiuni. Tnese parts

A

passed  anu  exceeuea  the  military speciticaticon  corrosion  resisiunce

requirements, The generic nature of 1VvD aluminum was furtner demonstrated by

testing coated panels and comparing results to the conpliec data DOOK. Pnase

[ verifies tnat lvU aluminum can pe substitutea for caamium wilnout concern EIE
for most applicativns. For tnose applications where the substitution is not |
——

straignhtrorward or where otner technical issues must be consicerea, tne ]

reader 1s alerted anag specific research programs dre recoimencec.
A 3teibution/
~_ﬁvailnbllity Codes

‘Avatl and/or -
Speotal

|

[
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This report was prepared by McDonnell Aircraft Company (MCAIR),
McDonnell Douglas Corporation, St. Louis, Missouri, as part of
Phase I of Contract C87-101602, "Demonstration of Ion Vapor
Deposition Aluminum Coatings." The program was conducted by the
Material and Process Development Department at MCAIR, St. Louis. The
program was administered by EG&G, Idaho for the Air Force Engineering
and Services Center (AFESC). Mr. C.J. Carpenter (AFESC) was the
Government technical and administrative program manager. This report
summarizes work accomplished between 1 February 1988 and 31 January
1989.

This report has been reviewed by the Public Affairs Office and
is releasable to the National Technical Information Service (NTIS).
At NTIS it will be available to the general public, including foreign
nations.

This technical publication has been reviewed and is approved for
publication.
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SECTIUN 1

INTRUDUCTION

A.  OBJECTIVE

The objective of this report 1is to verify the applicapility of
ion-vapor-deposited (IVL) aluminum as a replacement for caamium processing at
tne Air Force Air Logistics Centers (AL(Ls). Whereas cadmium nas been widely
used as a corrosion-resistant finisn on steel, the subpstitution with 1Vu
aluminum provides acceptable or improved performance in virtuaily all
applications. More importantiy, the substitution will make a major
contributicn to reducing hazardous waste production and its associated adverse

effect on the environment.
B. BACKGROUND

The [VU alggnum coating 1is applied in production coating equipment
called Ivadizers~ Tne basic eyuipment consists of a steel chamber, a
pumping system, a parts holaer, an evaporation source, ana a high-voltage

power supply. A schematic of an IVD coater is shown in Figure 1. Tne IVvi

— High Voltage
Substrate Hoider Power Supply
Cathode

Evaporator
Negative Glow Power Supply
Vacuum
Chamber —

9 o 7 ‘
N i
= o .
~ . Ground, bl . /
— ~ ~ //
Movable Rt

Boat Rack SN
— Aluminum
Evaporators

\vWire Feeders

Figure 1. Schematic ot an lon Vapor Deposition System.
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processing sequence consists of pumping the vacuum champber down to about
-4

10

microns, ana a high negative potential is applied between tne parts being

Torr. The chamber is then backfilled with argon gas to aoout 1G

coated anad tne evaporation source. Tne argon gds beconies ionized and creatas
a glow discharge around the parts. The positively chargea gas ions bombarg
the negatively charged surface of the parts and perform a final cleaning,
which contrivutes to good coating adnesion.

Following glow discharge cleaning, aluminum wire is evaporatea by being
continuously fed into resistance-heated crucibles. As ine aluminum vapor
passes tnrough tne glow discharge, a portion of it becomes ionizea. This, 1in
addition to collision with tne ionized argon gas, accelerates the aluminui
vapor towara tne part surface, resulting in excellent cocating adnesion anu

uniformity.

sotn tne aluminum coating ana tne IVD process are environmentally clean.
Laamium, on tne otner nand, is a heavy metal and is toxic to humans. Unce 1t
escapes into the environment, it can find its way inie the water supply o
fooa chain. Also, with electroplated caamium processing, tnere are adaitional
nazaras associated witn cyaniae products in tne plating bath. On the economic
side, a suitacle replacement can both reduce life-cycle costs ana provige an
immediate return on investment by eliminating those processing costs

assucCiaited with hazardous waste collection, storage, and aisposai.

Tnere are inherent aavantages to tne substitution of IVD aluminum for
cadmium, in adgition to hazaraous waste reduction. IVU aluminum outpertorius
cadmium in preventing corrosion in acidic environments and actual service
tests. Also, aluminum coatings can be usea at temperatures up to YbU°F,
whereas caamium is limited to 450°F. IVU aluminum coatings can be applied to
high-strength steel without fear of nhyarogen embrittlement. Aluminum cuatings
can ve used in  contact witn titanium witnout causing solig  metal
enbrittlement, and tney can also be used in contact with ftuels; cacdiium 1S
pronipited for these applications. Aacitionally, I1VL aluminum can be used in

space applications, wnereas cadmium is limited because of sublimation.




The coating requirements for 1VU aluminum are specified in MIL-C-oobtc,
the tri-service specification for pure aluminum coatings. After coating, the
parts are generally chromate-treated in accoruance with MIL-(-2541, This
provides additional protection against cerrosion, forms o good base for paint
adhesion, and is a common treatment for aluminum alloy surfaces. In virtually
all applications, IVD aluminum can replace caamium of equal thicknesses. It
can also be applied thicker than caamium where part tolerance permits; tnis

results in additional corrosion resistance.
C. SCOPE/APPRUACH

The Air Force corrosion control document, MIL-STO-1b00, allows tne
jeneral supstitution of IVU aluminum for cadmium un steel. rowever, the
designer or process engineer who considers a substitute for cadmium is
invariably facco witn uncertainties which are specific to its application.
Wwithout first-nand knowledge of all tecnnical ramifications or reference tu a
reagily available technical source, he may be reluctant to cnange to a
niffavent finish., It is often easier to maintain the status quo and thus lose
the aavantages the substitution may offer such as improved periormance &nu/or
the elimination of hazarcous waste production. This report, therefore, will
proviae a reaaily accessible technijcal aata source on the IVu aluminum ana

cadmium processes.

Tecnnical information from multiple sources is compilea in this report to
proviae a comprenensive comparison of tne performance of IVD aluminum to votn
tne requirements ot MIL-(-83458 and the performance of specitic caumium
processes. "oright," low-embrittlement, vacuum, and aiftfused nicsel-cacriui.
processes are incluaea in the comparisons as are several different corrcsive
environments. Tne innerent properties of 1vD aluminum are discussed as well
as its errect on substrate mechanical properties and fastener installation
characteristics. Intormation on the versatility of tne I[VU aluminum coating

ana rework procedures i1s also provided.




In addition to the tecnnical data presented in tais report, processinu
costs are addressed and an environmental impact summary is proviged. Finally,
rese.r :h and development programs are recommended for those few applications
where data is inadequate or adaitional researcn 1is required. As & single catz
source or hanabook, tnis report shoula provide virtually all the information
necessary to make an informea, sound Judgement on tne replacement ¢f cauiilu

processing with IVD aluminum.




SECTIUN 1

CUATING PRCPERTIES

A. COATING ADHESIUN

The basic reguirement for good adhesion of any finish 1s proper Cleaning.
The cleaning procedures for IVD aluminum and cadmium proCcessing are
essentially the same; both are adequate and should result in clean surfaces.
IVD aluminum, however, has tne advantage of an additional, final cleaniny
procedure which takes place during processing. Tnis glow aischarge cleaning
(ion bombarament), described in Section [{b), contributes to tne exceglient

adhesion exhibited by IVD coating.

Tne coating adhesion requirement of military specification MiL-L-oodbe Tor
IvD aluminum is comparable to the requirements for electroplated caanium anc
vacuum cadmium found in military specifications QQ-P-41lb ana #ilL-C-Sos/,
respectively. A1l  three specifications state that aagnesion snall e
determined by scraping the surface of the plated article to expose tne base
metal ana examining at a minimum of four diameters magnification Tor evigence
0T nonadhesion. As an alternative, a coatea test coupon can Dde clampec 1n a
vise and bent back and fortn until coupon fracture occurs. If ine eGye GT ine
fractured coating can be peeled back, or if separation between the coating ana
the base metal can be seen at the point of fracture when examinea at tour
aiameters magnification, adinesion is not satisfactory. Most wmetal finish
processors use tne bpend-to-break coupon test method. Unaer noraal congitions,
botn IVL aluminum and cadmium finishes meet the military specification

requirenients,

For parts sucn as fasteners that are coated oy barrel tumbling, tne
substitution of a randomly selectea sample in place of a test coupon 13
allowed (Reference 1,. Tne coated fastener head is crushed 1in & bench vise.
The adnesion requirenent is that there be no coating separation from the base
metal. IVD aluminum-coated fasteners easily meet this requirement; See Figure

C.




IVD Aluminum Coating
Adhered to Ripples
in Alloy Steel

3.6x 6.4x

Figure 2. Demonstration of IVD Aluminum Coating Adhesion.

vy

1 3dGiItion to tne reguired adhesion tests, moSt LWYu aluminu oo Cossors
vurnisn {peen; the as-appliea VU aluminum coating witn glass veads & wv ,57;
tNTI O S=rves 3s a sthiple, supplemental agnesion Cntos.  leo 3laifian
easily withstand burnisning pressures up to Yu psi whereas cnly «U psl resiii,
refluves  vacuulm  cadmium  coatings (Reference ). Tneretcre, 2ltncuen 1,0
alumingm and vacuum caamium test ejually wall using beng-tu-break CCuLins, ...
aluminun 1s  far superior to vacum cadmium  in resisting pariicic oo

Rorasion resistance is discussed in mere detail later in Section [liny.

Table 1 shows acditional results of adhesion tests on IvD aluminuu-coates
steei and aluminum alloy panels. Tne test was Congucted Lo oval.ite Une
erfect of chromauing on peened ang unpeened coating surfacec.,  Kesuils S

eaczllent adnesion under all conaitions (Reference J5j.

Anotner measure of aghesiun is tne oonu tensile strencin bDetween e Do

aluminum coating and tne substrate. Tne tensile strengin of iy aluiinu, &s




TABLE 1. EFFECT OF PEENING AND CHROMATING ON IVD ALUMINUM
COATING ADHESION.

Test Adhesion Test
Specimen.Chromate C%?\E:jti'tri\gn Bend-to- | Tape Along Peen Pressure (psi)
nversion Coatin
Conversion Coating Break Fracture 50 [ 20 | 60 | 80 | 100
Alodine 1200
SteelNo. 1 Unpeened E E £ E £ E M
Peened E E E E E E E
SteelNo 2 Unpeened E E E E E E S
Peened E E E E E E E
Aluminum Unpeened E E E E E E E
Peened E £ E E E E E
Iridite 14-2
Steel Unpeened E £ E E E E E
Peened E E E E E E E
Aluminum No 1 Unpeened E E E E E E E
Peened E E E E E E E
Aluminum No 2 Unpeened E E E E E E E
Peened E | E E E | El E | E
Key
£ o elient Adhesion
5 Trace Non Aghesion
M- Margina Non Agbes.on
snowh an Tabie <, ranges troin o,edlU psil o tu values greater tnan 1o, uliv psi
WSS 3 Sebastlaen puill tester. In tn1s Test (ReTerencs «;, Two SLulS vl
LoTiueeld T S TEST ptnd oy eaerUing tensiie loaos. Taoo IS wur= test
Torm waon COATAhg LR Tares s il o senatrate o aoateryal

TABLE 2. ADHESIVE TENSILE STRENGTH OF IVD
ALUMINUM COATING.

Specimen Tensile Strength (ksi)
Panel 1013 932 1028 ‘1027 10 32
One 9 80 8 30 10 21 985 '10.32
Panel 10 30 8 80 9 94 "6 82 ‘10 32
Two 9 66 927 10 30 824 10 31
A The SOnant g aResn e et vy Ay e

AN g e et od T

Wit e

Greeater than

Ll TR AT Tl e et e




In summary, Table 3 compares tne aanesion performance of IV

caamium finisnes for various test procegures.

In general,

equal to electropiated caamium and Superior to vacuum cadinlum.

TABLE 3. ADHESION OF IVD ALUMINUM VERSUS

CADMIUM FINISHES.
Adhesion IVvD Electroplated Vacuum
Test Aluminum Cadmium Cadmium
Bend-to-Break Excellent Excellent Acceptable
Tape Test Excellent Excellent Acceptable
40 psi Glass Excellent Excellent Fail
Bead Peening

B. CUATING COVERAGE, UNIFURMITY, AND THICKKEOSS

Tne IVD process providges excellent cocting coverace anc uniroro it
not limited to line-of-signt cCcverage and can  procuce  Coatin “
tnicknesses up to several mils. Tne IVD aluminum coating dees not L DN
run off  snarp edges reygaraless  of  coating  Ln1CKness. i
electroplated caamiuin builas up on sharp edges and 15 NCwmila, 170,
unger 1 wil of plating tnickness. VaCuun CaGmiumn 1s 117iTed Lo 2olul o0 0
coating thickness due tc stress Lullgup on Sharp ecnect.

Table 4 shows the typical uniformity of 1vU aluminuws on 4- SERANEE .
stee] certification panels ceatea in the IVD aluminus Coater o '
kobins ALL (Reference 5). Tne details wer2 affizec U3 STl
holCing reck.  @il-L-cob4co requlires & minimuh Zoaling tnliaress 7
Llass 4 coatings (nominally 0.3 to U.5 mil), a minimum OF .2 i, "or _oas

coatings (nominaily 0.5 to 1.0 mil), an¢ & @mintmum 1o
coatings (nominally 1.U to <.u mils;.

Figure 3 snows tne uniformity cof ivu alusiinus Coating
giameter Dy lb-incn long warneac detall tur ine GGovy's T
Laser-guided Projectile. Tne detarl was fTixturegd Lo o4 rot:

rack.

1iu

- T N s
LUood bt T

aiuming
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TABLE 4. IVD ALUMINUM COATING THICKNESS AND UNIFORMITY.

Coating Thickness (mils)?®
Specimen | Coating A A
Number Class ; verage i verage
Side A (Side A) SideB (Side B)
9 1.70,1.76,1.82,1.88.2.16 1.86 1.22,1.34,1.30.1.34,1.34 1.31
10 ] 1.76,1.88,1.70,1.82,1.88 1.81 1.30,1.30.1.07,1.34,1.34 1.27
11 1.82,1.88,1.76,1.82,1.95 1.85 1.30,1.18,1.30,1.26,1.30 1.27
12 1.82,1.88,1.64,182,1.76 1.78 1.39.1.34,.1.22.1.44,1.34 1.35
5 0.61,0.63.0.54,0.78,1.07 0.73 0.59,0.59.0.74,0.51.0.43 0.58
6 5 0.83,0.59,0.59,0.63,0.74 0.68 0.92,0.51,0.45,.0.53.0.59 0.60
7 0.65,0.73,0.54,0.59,0.69 G.64 0.65.0.59,0.48,0.54.0.65 0.58
8 0.49,0.55,0.51.0.61,0.63 0.56 0.65,0.76,0.58,0.66,0.66 0.66
1 0.45,0.46,0.43,0.49,0.51 0.47 0.38,0.42.0.37,0.40.0.41 0.40
2 3 0.37,0.39,0.46,0.47,0.54 0.45 0.44,0.40,0.46,0.41,0.49 0.44
3 0.48.0.47.0.44,0.48.0.44 0.46 0.52,0.45,0.33.0.38,0.41 0.42
4 0.50.0.61.0.45,0.46,0.44 0.49 0.38,0.41,0.43,0.54,0.42 0.44
a Coating thickness measurements were obtained using the Magne-gage mstrument
b Measurements were taken 1 1 in from each corner and n the center of the 4- by 6-in. panels
- 15in. >
r
E | 1.05 0.93 0.88 0.96 0.90 0.96 A
F [ 1.15 1.05 0.85 0.88 0.0 0.96 B 5in.
G | 1.15 1.08 0.81 0.88 1.02 1.05 C Dia.
H | t.02 1.15 0.81 0.85 0.96 1.02 D
A
0.93 B
1.02E G0.95
A Coating thickness measurements
taken at 90° Increments. All readings D
are in mil.

Figure 3. IVD Aluminum Coating Thickness and Uniformity on a Cylindrical Detail.
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The uniformity of IVD aluminum on regular surfaces 1is approximatel, *iIC
percent of the median tnickness. Of equal importance is tnat tne IVD aluminum
coating thickness on the edge of a detail is virtually the same as tnat on tne
rest of the detail. Figure 4 snows tne excellent tnickness uniformity petwéen
the flat surface and the edge of a gas turbine engine blade. As shown in ine
figure, tnere is no buildup or tninning of the coating on sharp eages. In
excellent uniformity of IVD aluminum does not depend on coating thickness

4]

(Reference 6).

Blade Surface Blade Edge

Figure 4. 1VD Aluminum Coating Uniformity on a Turbine Blade.




Metallic processing in general is limitea in the coverage ot internal
surfaces. tlectroplatea cadmium, nowever, can generally be fixtured witn
internal anodes for coverage of internal surfaces easier and more economically
than IVD aluminum. The IVD aluminum process witnout special fixturing, will
effectively coat internal surfaces to a depth of at least one aiameter
(Reference 7). An effective coating for most applications is considerea to De
a 0.3 mil (Class 3) coating or thicker.

The use of a complementary process, such as sacraficial aluminum-baseu
paints, is recommended for complete coverage of those recess surfaces wnicn
exceed tne practical limitations of IVD aluminum processing. Tne use of IVU
aluminum in combination with other compatible processes to protect internal
surfaces is a recommended research program aiscussed in Section XII(AJ.

A barrel accessory for the rack coater can Le usea fur economicaliy
coating small details such as fasteners. The excellent IVD aluminum coating
uniformity of indiviaual fasteners ana the thickness variation throughout tne

a)

loaa are shown in Figure 5 anu Table b, respectively (References 8 and Y.

Table b summarizes the comparison of coverage, uniformity, anu tnickness
petween IVD aluminum and cadmium. IVU aluminum is clearly superior in tne
area of coating uniformity on edges. It can also be easily appliea thicker

tnan cadndun wnich contributes to corrosion resistance.

C. SURFACE SMUOTHNESS

witn tne IVu process, tne aluminum vapor cloua is partially icnizea in tne
argyon gas glow discnarge that surrounas tne part being coatea. Tnis, in
addition to collisions with the positively charged argon gas ions, accelerates
the aluminum toward thne part surtace. Tne result is an adnerent coating that
replicates the surface ot tne part ana mirrers its surface smoothness. Trils
tendency begins to diminisn slightly, nowever, as tne coating tnicxness
InCreases and i1ts columnar structure becomes more pronounced. Tneretore,




Thickness Uniformity on individual Fasteners

3M387-4-11 3M387-5-11
Recess 0.00037 in. Recess 0.00050 in.
: - e .

Head 0.00055 in. Head 0.00050 in.

Shank 0.00050 in. Tlr? Shank 0.00C50 in.

" " ————r D e — -
Crest 0.00051 in.
Crest 0.00049 in.
4 o
3 - . PR
| —— 5 L P

Root 0.00037 in. Root 0.00037 in.

Note Fasteners randomiy selected from production coaling run.

Figure 5. Typical IVD Aluminum Coating Uniformity of Barrel-Coated Fastners.




TABLE 5. IVD ALUMINUM COATING THICKNESS VARIATION
THROUGHOUT A PRODUCTION SIZE LOAD OF

FASTENERS.
Fastener Coating Coating Thickness Tﬁ;’;{ﬁg: s
Number?. b Class (mils) (mils)
1 3 0.44, 0.55, 0.47, 0.34, 0.62 0.48
2 0.77, 0.44, 0.45, 0.62, 0.59 0.57
3 0.77, 0.35, 0.44, 0.71, 0.56 0.57
4 0.65, 0.35, 0.47, 0.44, 0.35 0.45
5 0.87, 0.30, 0.52, 0.44, 0.47 0.42
6 0.66, 0.46, 0.56, 0.61, 0.40 0.54
7 0.37, 0.32, 0.53, 0.43, 0.58 0.45
8 0.61, 0.39, 0.31, 0.30, 0.55 0.43
9 0.36, 0.44, 0.50, 0.33, 0.37 0.40
10 3 0.46, 0.58, 0.38, 0.38, 0.38 0.44
a Fasteners randomly selected from production size run
of 150 Ib of fasteners/barret.
b Hexagon head fasteners are 3/8 in. diameter x 2.7 in. long.
TABLE 6. COMPARISON OF IVD ALUMINUM
AND CADMIUM PROCESSING.
Finishing Property IVD Aluminum Cadmium
Coverage
External Surfaces Excellent Excellent
Iniernal Surfaces Limited Limited
Uniformity
Smooth Surfaces Excellent Excellent
Sharp Edges Excellent—No Build-Up Ptating Build-Up
or Run-Oif
Thickness 0.0003in.t00.0030in. 0.0002in.to - 0.0010in.
for Electroplate
0.00031n.t00.0010N.
for Vacuum Cadmium

surface smootnness is affected both by part preparation prior to coating as
well as by the coating itself. Tnese factors, as well as the part postcoat

treatment, will be reviewed in this section.

McUonnell Aircraft Company (MUAIR) evaluated tne effect of grit size anu
grit meaia on tne smoothness of IVU aluminum coatings (Reference 10}. Alloy
steel panels were grit-blastea with ¢c¢U-, 4U0-~, ana buUU-niesh aluminum oxidge at

15




a pressure of 50 psi. In addition, some panels were grit-blastea witn <z0-
mesh aluminum oxide, then peened with either BT-10 or the finer bl-15 glass
beads. All panels were then IVD aluminum-coated to an average thickness oui
0.4 mil. The surface rougnhness, before and after 1VD aluminum coating for
various surface preparations, is presented in Table 7. These tests snowed
that:

0 Surface smootnness was virtually unchangea by the relatively tnin
(0.4 mil) IVD aluminum coating.

0 The columnar structure of the IVD aluminum coating became finer and

closer knit with smoother substrate surfaces.

TABLE 7. EFFECT OF SUBSTRATE SURFACE PREPARATION ON IVD
ALUMINUM COATING SMOOTHNESS.

Surface Roughness {uin.)

Before IVD After IVD
Surface Preparation Average Total Average Total
Roughness Profile Roughness Profile
Height® Height® Height® Height®

Grit Blasted. 220
Aluminum Oxide Grit,
50 psi 36 250 34 180

Grit Blasted, 400
Aluminum Oxide Grit,
50 psi 16 130 14 150
Grit Blasted. 600
Aluminum Oxide Grit,
50 psi 10 100 8 60
Grit Blasted. 220
Aluminum Oxide Grit,
50 psi: Glass Bead Peen
BT-10, 40 psi 32 200 34 250
Grit Blasted, 220
Aluminum Oxide Grit,

50 psi; Glass Bead Peen,
BT-13,40psi 32 220 30 205

a Average Roughness Heightis the RMS average de*1ation in junches measured normal to the roughne: s centerhine
b Total Profile Height is the distance in winches from the lowest point 1o the highest point on the surface

14




In another test, MCAIR determined the effect of grit blasting, 1VD
coating, and subsequent glass bead peening on the smoothness of IVD aluminum
coatings deposited upon smooth steel plates (Reference 11). The steel plates
were 16.25 inches in diameter and were niachined to a finish having a surtace
roughness of less than 0 microinches. The surface roughness before and after
grit blasting, after coating to approximately 0.6 mil, and after glass bead
peening at various pressures is presented in Table &. These tests

demonstrated that:

0 Grit blast cleaning witn 400-mesh aluminum oxide grit had virtually
no effect on the surface finish of tne part whereas tne standard <zU-mesn

aluminum oxide grit increased the surface roughness.

0 The IVD aluminum coating tended to mirror the surface finisn of tne
part although surface roughness increased on the average Z¢ percent atter
coating; tnis increase is not significant for most applications.

0 The surface roughness of the coating increased witn glass bead
peening because the relatively large impinging glass beeds cratereg tne

aluminum coating.

TABLE 8. SURFACE FINISH DATA FOR IVD ALUMINUM PROCESSING.

Grit Blast Data Surface Roughness (pin. RMS)®

Substrate After Glass Bead Peening (psi) Aver'fage
Grit Blast Aft : C_oatmg
Si;le Pressure | Before | After Coat?rr\g Thlck_||'1e§s

(psi) Grit | Grit 20 | 30 | 40 | 60 (mils)
Blast | Blast

400 35 17:21 1920 2222 40/40 - 57.58 — 0.54 0.55
400 35 19/19 1919 2726 4343 —_ — — 0.510.54
220 35 19.23 28 29 — 44:43 - 64 68 — ®0.57 0.59
220 35 17 21 2626 39:35 —_ 5355 — - bg.59 C.58
400 35 1927 1824 26 28 —_ 5052 — — 0.530.56
400 60 — 20 21 2223 3543 —_ 4854 | 65.77 0.57 0.60
220 60 — 24 28 2529 38 40 — 5256 | 6376 0.570.58

a First number given 1s Side 1 of each piate: second number 1s Side 2
b The four measurements from the outside edge of these plates were not used to calculate
the average thickness since they were not representative due 1o coating wraparound




After an IVD aluminum coating is glass-bead-peened, the surface roughness
is more dependent on the bead size and peening pressure tnan on part
preparation or the coating. BT-10 glass beads produce IVD coatings having a
roughness of approximately 50 - 70 microinches at 40 psi. OSmoother coatings

can be obtained by recucing the glass bead peening pressure anda/or media size.

MCAIR evaluated tne smoothness of 0.5 mil thnicxk “pbright" ana
low-embrittlement cadmium finishes on 4130 alloy steel panels. The steel
panels were grit-bDlasted with 1¢0-mesh aluminum oxige grit prior to plating.
Tne surface roughness of the steel panels before and after caamium plating and
after a hana burnishing with an abrasive nylon web paa is presented in Taple
J. These tests showed that the surface roughness of the parts after plating
was not significantly changed, and hand burnishing improvea surface smootnness

approximately 10 - 40 percent.

TABLE9. EFFECT OF POSTCOATING TREATMENT ON THE SMOOTHNESS OF
CADMIUM PLATING.

Surface Roughness (pin.)

Plating After Piating
. . -
Before Plating® | After Plating | Before Plating and Burnishing®

Bright Cadmium
Average Roughness Height? 87 85 87 79
Total Profile Height® 526 519 550 473
Low-Embrittlement Cadmium
Average Roughness Height® 83 87 56 32
Total Profile Height® 474 611 374 215

a All panels wwere gnt-blasted with 120 aluminum oxide gnt prior to plating.

b Average Roughness He:ght is the RMS average dewviation in pinches measured normal to the roughness centerline
¢ Total Profile Height ts the distance in pinches from the lowest to the highest point on the surface

d Burnished with an abrasive nylon web pad.

Smooth coatings, or those that can be polished until they are smooin, are
important 11n Jet engine applications. Protective finishes with low dadray

U

cnaracteristics minimize fuel consumption ana erosion in tne airflow sectign

(7

of engines.  MLAIR evaluated several methoas of polisning IvU aluminus
coatings (reference 1¢). Compressor blages, sections of a stator assesoly,
and alloy steel panels were IVD aluminum-coatea and tren polished as shown in
Figure 6. Photomicrographs of an  "as-coated" IVo aluminum surface, a

glass-peda-peened VD aluminum surtace, and two polisnc.. IVU aluminum surfaces

16




Compressor Blade - 1.5x 3.5 in. Section of Stator Assembly - Steel Panel - 1 x 4 in.
2x35in.

Figure 6. Typical Specimens for Polished IVD Aluminum Coatings.

are presentea in Figure 7. Surface finish information and comments on tne
polishing technique used are given in Table 10. These tests denmonstrdaiey tiat
VO aluminum coating can be polisned to a surface finish of less than <0
microinches. This easily satisfies requirements such as Pratt ana whitney
Specification 110-4 for coating smoothness on compressor and stator blades.
Tne tests also showed that IvD aluminum coatings can be polished to a surface
finish of 1U to ¢0 microinches without significant remcval ot tne coating,

even on the snarp leading or trailing edges of the compressor blades.

In summary, IVD aluminum coating and cadmium plating replicate tne surface
finisn of tne substrate. The effect on surface smoothness of U.5 mil tnick or
lesc IVD aluminum or cadmium finisnes is small. Surface smoothness of 1VU
aluminum coatings decreases as thickness increases. Both LvD aluminum coating

and cadamium plating can be polishea to produce smoother finisnes.

bU. TEMPERATURE

IVD aluminum can be wused in applications where service temperature
requirements are consiaerably higner than tnat allowed tor cadnmium.  1VU

aluminum can be useu at temperatures up to Yz5°F without any aaverse efrfects.
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IVD Aluminum Coating at 38 Microinch IVD Aluminum Coating Glass Bead

Finish (Substrate Surface Cleaned Burnished to 62 Microinch Finish
with 220 Aluminum Ox.de Grit (With BT-10 Beads at 20 psi)
at 80 psi) -

IVD Aluminum Coating Polished IVD Aluminum Coating Polished
to 18 Microinch Finish to 10 Microinch Finish

Figure 7. Smoothness of IVD Aluminum Surfaces Before and After Polishing.




TABLE 10. POLISHING DATA FOR IVD ALUMINUM COATINGS.

Finish ki . Polishing P
(in.) Polishing Media Compound “emments
18 1/8in. Microbrite BBO10 Highly Reflective Surface —
No Coating Removal on
Edges or Corners
36 Ceramic “F"~50%, 1/8in. Cylinders | 550 Flowthrough | Some Remaval of Coating
and 50%, 3/16 in. Cylinders atEdges
36 Plastic Cone—3/4in.Base, 3/4in. Acid Burnishing Moderate Polish—No
High, Tumbled Compound Surface or Edge Damage
10 Steel Balls, Tumbled Unknown Removed of Coating
atEdges —
Excellent Surface Polish
10 Porcelain; 3:16in. by 1.2in. Cone MA-30 Some Removal of Coating
atEdges
24 Steel Diagonals—3/16in. Soap Severe Edge and Cormer
Coating Removal
40 None IVD Surface as Coated
62 BT-10 Glass Beads Burnished at 20 psi

Caamium melts at 600°F but is usually limited to a 450°F service temperature
because of embrittlement that can occur at nigher tempcoratures. Above buu®r,
molten cacmium embritties hign-strengtn steel by grain boundary pev=2tration.
It has been shown, however, tnat cadmium plating can also cause cadmium

embrittlement at temperatures as low as 450°F on highly stressed parts.

Tne nigner VU aluminum service temperature nas Oeen & solution o
numerous finishing proolems involving applications above tne 450°F limit ror

cacmium. Tne following examplies are provided:

0 bL-y Main Lanaing Gear Piston Brake Flange bolt - For  this
nigh-strength steel detail, it was found that caumium plating melted, cnrone
plating galled, anu nickel plating 1imposed nydrogen enbrittiement problems.

The selection of IVD aluminum for this detail providea:

- Acceprable service temperature
- Acceptable installation characteristics
- No hydrogen embrittliement

- Acceptaoble corrosiun resistance

1Y




0 DC-10 Aft Engine Hangers - For this 4130 alloy steel cetail subjectea
to a 800-900°F service temperature, an aluminum-filled paint-type coating was
originally selectea over diffused nickel-cadmium as tne best available nign
temperature nrotective coating. However, one airline reported (xeference 1%,
that i1t was necessary to remove and refurbish these mounts every 1500 to suuy
flight hours to retain adequate corrosion resistance. The amount cf time tne
aircraft was out of service for refurbishment was deemed to be prohivitive.
As a vresult, United Airline was tne first carrier ¢ install an [.u

aluminum-coated mcunt (see Figure 8).

IVD Aluminum Provides

» Corrosion Resistance at
Temperatures to 925° F

Figure 8. IVD Aluminum-Coated DC-10 Aft Engine Hanger.

Tneir first report after one year of service, about 3500 tflignt
nours, statea satisfactory performance. Tnis same nount now has over 10, Uuu
flignt nours of service without being refurpished (reference la). AS a result
of tnis performance, Uouglas Aircraft issued a letter to all DC-lu carriers
suguesting that tne engine mounts Le refurdishea with 1VD aluminum (Reference
19). United airlines, for one, nas haa tneir complete vl-1U fleet refursisned
vitn VD aluminun, and goeing is using IVD aluminum on tne engine wmounts or

tneir newest commercial aircraft.
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0 F-15t Landing Gear Assemblies - The F-15 lanaing gear components had
been cadmium-plated before the F-15E model which is heavier tnan preceaing
models. This adaed weight increasea the temperature of some landing gear
components during braking action to approximately 4b50°F. When testing
indicated possiole caamium embrittlement conditions, MCAIR recommendea a
change from cadmium to 1VD aluminum. The selecticn of IVD aluminum eliminatea
embrittlement concerns with solid metals as well as with hydrogen.

In summary, IVD aluminum nas twice the temperature capapility of caamium,
and there is no embrittlement concern.

t. ELECTRICAL

IVO  aluminum witn a supplemental chromate conversion coating s
electrically conductive. The coating meets the requirements specitfied n
MIL~C-81706 for the electrical contact resistance of aluminum alloy panels.
This specification requires that an aluminum alloy substrate treated witn a
class 3 material per MIL-C-5541 shall not have a contact resistance greater
than 5,000 microhms per square incn as applieo, anc 10,U0U microhms per sguare
inch after exposure to 5 percent salt spray for 166 hours. Tne electrical
measurements are made with an electroge pressure ot ¢UU pounds per sguare incn

(psi) applied to tne treated area.

In an effort to further quantify the electrical cnaracteristics of [Vu
aluminun, conductivity tests were performed by MCAIR (Reference lo). IVU
aluminum was applise to glass siiues anu tne concuctivity was comparea to tnat
or 110U-alloy aluminum wire that naag oveen melted and polisneu o previce 2
standara reference. These tests showea that tne [VD aluminum coating nas
approximately 4¢ percent of the conductivity of the bulk T1uU alloy. Tnis is
signiticant in tnat bulk aluminum 1s approximately tnree times more conauctive

than cadinium.

Tne Pratt & Wnitney Aircraft uroup also performed electrical tests on (VD

aluminum and otner commercially available finishes (Reference 17). Tne Vo
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aluminum coating displayed tne Towest electrical resistance witnin tn
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group whicn included diffused nickel-cagmium. Tnese finisnes n:l 1o 7ot
Ltemperature requirement of bUU°F wnich is above the 450°F temperdluare 11710 U7
standard electroplated caamium. Tne rougn order of magnituce reslinus aorwe
unable to pick up any resistance 1n tne IVD aluminum C0atings &S Snuwn L
portion of the data presented in Table 11.

TABLE 11. ELECTRICAL RESISTANCE MEASUREMENTS
TAKEN ON VANE SPECIMENS.

- Nominal Thickness | Electrical Resistance
Finish (mils) (ohms)
IVD Aluminum #1 1.5 0
(With Conversion Coat)
VD Aluminum #2 1.5 0
(With Conversion Coat)
VD Aluminum 2.0 0
(Without Conversion Coat)
Diffused Nickel-Cadmium 0.3-05 0.7
E-Nickel-Cadmium 0.7-0.8 0.3

Electrical conauctivity coupled with tne proven corrgsion resistancs o
IVD aluminum coatings has lea to its use in applications rejuiring oo
capabilities. These are discussed 1in aetail in Section VIi{mj. ivo ailurin.
1S used tor electrical bonding and eleCctromagnetic inlerTerents o piliot.
(EMIC).

F. COMPATIBILITY

The aluminum coating deposited by the IVD process exnibits tne =iz
composition as tne basic 110U aluminum alloy evaporant (refersncs do . 1
1100 alluy aluminum ana cadmium nave similar electrolytic solution potsr .,
-U.os and -U.z¢ volts, respectively, when neasured aualnst oo ST far.
calomel electrcae (Reference 1Y). Since mila carbun Steel M3y 3 Soi.iie
potential of -0O.5% welts, botn IVD aluminum ang cagmiuam provice sSacriTiis:
corrosiocn  protection in  aqueous environments, section  Lii Ioorarel T
corrosion protection providea to alloy steel substrates Oy  ive  Gial i

Cuatings and various cadmium platings.




Caamium finishes are prohibited on fasteners, fuel lines, ana vuther
components where they may come into contact with aircraft fuels (keference
¢0). In contrast, IVO aluminum coating is compatible with aircrart fuels ana
0oils. Additional information on the usage of IVD aluminum 1in contact with

fuels, oils, and other fluids is found in Section VI(F).

Caamium coatings are also pronibited from being in contact witn titanium
because solid metal cnorittiement may result. IVU aluminum is compatible with
titanium ana is used on aircraft to eliminate aissimilar metal problems
between aluminum and titanium structures. Additional information on tne usage
of IVD aluminum on titanium substrates is founa in Section VI(b).

VD aluminum coatings are more compatible for nigher temperature
applications than cadmium platings. IVD aluminum coatings can be uSedG at
temperatures up to Y¢5°F (compareu to 450°F for cadmium;. Alsc VL aluminum
ccatings are more compatiple for high-strength steel applications because
electroplated cadmiium causes hydrogen enmbrittlement problems; nign-strengin
steel parts must be embrittlement relievea by a long, high-temperature baxe.
No nydrogen 1s generatec during tne IVD coating process. Uiscussions on
nigh-temperature usage and on hydrogen embrittlement can be founa earlier in

Section [I(D) ana Section IV(Aa), respectively.

[VU aluminum  coatings ana cacmium tinisnes are bBotn Compaticie  witn
aircraft paint systems. Aaditional information on paint adhesion of 1ivD

aluminum ana cadmiium finishes is founa in Section [1(G).

Table 1¢ summarizes the compatinility or 1VD aluminum and caarium Tinisnss
for tne various applications reviewed. AS  showr, IvD aluminum s more

compatiole than cadmium.
G. TUPLUAT AUHESIUN
Topcoats sucn as paints, sealants, lubricants, etc. are used toc inprove

tne performnance of the underlying basecoat. For example, topcoats are usea 1o

improve corrosion resistance, improve erosion resistance, or cnange the




TABLE 12. COMPATIBILITY OF IVD ALUMINUM
AND CADMIUM FINISHES.

Compatible Cadmium IVD Aluminum
With Plating Coating
Jet Fuel No Yes
ltanium No Yes
Hydraulic Fluids and Oils No Yes
Temperature
Low (Up to 450°F) Yes Yes
High (450°F - 950°F) No Yes
Alloy Steel
Low Strength Yes Yes
High Strength Yes Yes
(Embrittlement
Relief Required)
Aluminum Alloy Structure Yes Yes
Paint Yes Yes

coefficient of friction of a finish system. Tne application ana successful
performance of any topcoat 1s dependent on basecoat qualities sucn as
coverage, uniformity, ana aanesion. IvU  aluminum is cnaracierizec oy
excellent adnesion, coverage (non line-of-sight), ang uniformity (no buildup
or run-off on edges) as discussed in Sections II(A) ana (B).

Paint primer and topcoat adnesion are generally of tne most intersst Tt
& l1tary and inaqustirial users. Aluminum alloy surfaces require a cnromate
conversion coating for acceptable paint adhesion. Tnerefore, paint adnesicn
to tne IVD aluminum 1100 alloy might be expected to be approximately tne sams
as paint aunesion to any otner aluminum alloy as long as botn are carcidte
converion coatea. In fact, paint adnesion to 1VDU aluminum is better than to a
wrougnt aluminum surface because of the structure of tne coating. 1vu
aluminum condenses trom tne aluminum vapor clouu onto the part surtace to form
a coating with a uniforn, columnar structure; see Figure Y. Altnougn tne Dase
layers of aluminum are dense ana relatively homogenecus, minute spaces vetween
adjacent columns are formea as tne columnar structure grows. AS a result, tne
paint system (and otner topcoats) can penetrate into these spaces. Because it
nas many anchor points, the paint topcoat will aahere to tne aluminum pasecoat.
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Surtace of
Aluminum Coating

Edge (Thickness)
of Fractured
Aluminum Coating

Fractured
Steel Substrate

Figure 9. Scanning Electron Photomicrograph of the IVD Aluminum
Columnar Structure.

MCAIR evaluated the penetration of an epoxy primer into the columnar
structure of an IVD aluminum-coated fastener (Reference ¢1). The fastener was
sectioned through tne threads ana one piece was etched in a 10 percent sodium
nhyaroxide solution to dissolve the aluminum. A scanning electron microscope
examination of this etcned system showed a skeleton of primer extending well
into the 1VD aluminum coating. This test verified that topcoat penetration

into tne IVD aluminum columnar structure ¢ia occur to ennance adhesion.

The Boeing CLompany evaluated paint aanesion on flush heau fasteners
installed in an aluminun alloy panel. A U.5-0.&6 mil thick layer of BMS 10-7¢
primer followed by a 1.5-¢.0 mil thick layer of BMS 1U-00, Type Il enamel was
applied to tne heads ot IVD aluminum-coated ana cadmium-platea fasteners. Ine
paint system was cured for seven days at 70 + 5°F and 4U percent relative
numidity. Tne adhesion of tne paint system was evaluated ary and wet, after a
7- day soak in distilled water at 70°F. Boeing reportea satisfactory paint
adhesion on the IVD aluminum- and caamium-finished fastener heads, potn vefore

and atter the water soak (Reference ¢¢Z).
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The real verification of paint adhesion 1is the tens of thousanas of
aircraft parts coated witn IVD aluminum now in service. Prouuction experience
has shown that adnesion of the various paint systems to IVD aluminum basecoats
required virtually no in-house rework. In the 1z years painted parts have
been installed on aircraft, few, if any, paint adhesion problems nave been

reportea to MCAIR from tne military services.

Sometimes cetyl alcohol or dry film Tlubricants are wused on 1VD
aluminum-coated, threaded parts during the installation of nuts or auring tne
installation of the coatea fasteners into close tolerance noles. Tnese and
most other commonly used aircraft Jjubricants are compatible with aluminum.
Tne use of lubricants is discussed in more detail in Section V ana XxII(C).

Anotnher example where IVD aluminum s wused as a basecoat 1s tae
application of ceramic sealcoats. WMetallic-ceramic coatings per MIL-C-51751
are used to protect steel parts from corrosion by botn the ALCs on engine
parts and NAVSEA for various marine applications. Tne two-part cocating system
consists of a sacrificial aluminum paint basecoat ana a ceranic sealcoat.
Such coglings include those under tne commercial naites alseal aylan~ ang
5erm§fiig> The use of IVU aluminum as the sacrificial aluminum baseccat ana
xyla 101 as tne ceramic sealcoat proauces a metallic-ceramic coating tnat
easily meets the 1000 hour corrosion resistance in neutral salt fog requirsa
by MlL-t-01721. figure ]G shows two alloy steel rasteners, still grotectec
with IVD aluminum/Xylar~ 101 after 16,000 hours in 5 percent neutral salt

foy.

Figure 10. Alloy Steel Fastener With IVD Aluminum and Xylar® Topcoat
After 17,952 Hours of Neutral Salt Fog Exposure.

Z0




IVD aluminum provides a superior basecoat because it covers uniformly, does
not build up or run off edges and adheres significantly better tnan the
aluminum paint basecoats. Insufficient coverage on edges and poor aanesion
are field proplems for many metallic-ceramic coatings. Initial testing of IVD
a]uminum/Xylan) 101 by MCAIR (References ¢3, 24 and ¢5) shows promise ftor

its use to increase corrosion resistance and enhance erosion resistance.

In summary, the aahesion of topcoats to IVD aluminum can be categorized as
excellent. This is due to the inherent qualities of tne IVD aluminum coatiny
including its coverage, uniformity, adhesion, as well as its columnar
structure which allows topcoat penetration.

H. EROSION RESISTANCE

goth IVD aluminum ana caamium are soft coatings ana are not particularly
well suited for erosion resistance when usea by themselves. wnevertheless, 1vD
aluminum will outperform vacuum cadmium 1in resisting abrasive forces ana
diffusea nickel-caamium when subjected to an erosion/corrosion environment.
In aadition, IVD aluminum has aavantages over caamium for sucn  an
application. First, [VD aluminum can be economically applied thicker tnhan
caamium ana, therefore, outlast caamium when subjectea to abrasive Torces.
Secona, IVD aluminum 1is well suited to being overcoatea with aorasion
resistant materials. Research to improve the erosion resistance ot IVo

aluminum with topcoats is discussed in Section XII(E).

Although the aahesion of IVD aluminum ana vacuum cadmium test equally well
usirg bena-to-break coupons, IVD is far superior in resisting abrasive
particles. This is important in that IVD aluminum and vacuum cadmium coatings
are often usead on fixed and rotary wing aircraft landing gears, because
neitner process causes hydrogen enprittlement of tne hign-strength steel
getails., However, for such applications, tne coatings are supjectea to
abrasive medaia during takeoff and landing operations, and the superior IVD
aluminum coating will require less maintenance. MCAIR comparea the erosion
resistance of vacuum cadmium ano IVD aluminum using both g¢lass ULeads and
aluminum oxide grit (Reference ¢o6). Figure 11 shows the superiority ot 1vU

aluminum in resisting abrasive particles.
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IVD Aluminum : 1 ] IVD Aluminum

. Glass Beads 220 Grit

§ .
VAC CAD r VAC CAD

No Coating No Coating

Glass Beads 220 Grit

Nozzle 6 in. away at 40 psi

Figure 11. Erosion Resistance of IVD Aluminum Versus Vacuum Cadmium.

In tests conducted by Pratt and whitney (Reference 17, IVD aluminum with
a standgard chromate conversion coating was shown to eroae faster than ine
‘ combination coating of difrusea nickel-caamium. However, because tne IVD
| aluminum coating was applied thicker (1.5 mils vs 0.7 wils), there was
adequate IVD aluminum remaining at the conclusion of the test. More
importantly, IVD aluminum provided better protection to tne substrate as the
erosion process occurred. With diffused nickel-cadmium, the ceamium erodes
very rapidly, leaving only the nickel <coating which offers no anoaic
protection to tne substrate. In fact, subsequent testing by Pratt ana Whitney
snowed IVD aluminum to be tne best coating testea on 4l10-alloy steel.

Speciftically, IVD aluminum outperformed wovoth aiffusea nickel-cadmium ana
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Emplate nickel-422/caamium in an erosion/corrosion environment. Tnis was true
for IVD aluminum samples supplied both with and without a standard chromate
conversion coating, and a sample supplied with a Chromalloy proprietary

conversion coating.

In other testing of coatings for fire retardation of titanium turbine
engine blades (Reference ¢7), the erosion rate of IVD aluminum was shown to be
sligntly higner tTnan a CofDination CLuallng 07 platinum/copper/uniae, 07
90-degree and 60-degree angles of incidence, but actually Tlower for the
30-degree angle. Erosion, therefore, was not detrimental o the potential use
of IVD aluminum for that application.

In addition to the above, IVD aluminum was successfully tested in both the
laboratory and in fiela service by Westinghouse for wuse on steam turbine
blaues (Reference 2& and 29). IVD aluminum has subsequently been put into
production for tnis corc/osion/erosion application. Tnese tests are aiscussea
in more detail in Section I111(B).

The foregoing establishes that 1Vu aluminum, although neither it nor
cadmium should be considered an abrasive resistant coating, does in fact
outperform caamium in sucn applications. Furtner, IVD aluninum is equal to or
better  tnan tne combination diffused nickel-cadmium coating Tor
corrosion/erosion applications. Tne primary reason for its superior
performance 1is that it can be applied thicker, ana also it provides
sacrificial corrosion protection throughout its entire tnickness during the
erosion process. Therefore, the substitution of IVD aluminum for cadmium
snould not be impeded because of an erosion resistant requirement except wnere
thin IVD aluminum 1is required because of tolerance requirements. In thnis
case, abrasion resistance supplemental topcoats offer potential as aiscussea
in Section XIIL(B).
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SECTION 11

CORROSION RESISTANCE

A. MIL-SPEC REQUIREMENTS AND TYPICAL TEST RESULTS

Mititary Specirication MIL-U-83485 estabisni€sS one reyuireéienis for
coating low alloy steel, stainless steel, aluminum alloy, and titanium alloy
parts with high purity aluminum using the ion vapor deposition process. It
jidentifies three classes and two types of coatings. Class 1 coatings are tne
thickest and are generally usea because they provide the best corrosion
resistance. Class ¢ and 3 coatings are thinner and are generally useg ftor
parts with tolerance limitations such as fastener threads. Type 1 1is "as
coated.” Type II has a supplementary chromate treatment in accordance witn
MiL-C-5541 and 1is recommendea because the chromate provides aaditional
corrosion protection. It also forms a good base for paint achesion ana 1s 2

common treatment for aluminum surfaces.

MIL-C-83488 requires that "a ranagom sample of two articles shall be taxen
from any inspection lot at a minimum of once per month or two separately
coated specimens (of 4130 alloy steel) shall be prepared (cleaned ang coated
as a typical proauction loaa) to represent an inspection lot." Tne sclecteu
specimens are tested in a neutral salt fog environment per ASTM Method bll7 to
establisn the corrosion resistance of the aluminum coating. MIL-C-83400
specifies tnat tne test specimens "shail show no evidence of corrosion cof the
basic metal when exposed for the perioa of Uime shown in Taple 15."

buring the early 1Y70s, the IVD aluminum coating process had advanced at
the Mcbonnell Aircraft Company (MCAIR) from a laboratory to a pilot production
status. Full procuction use began in 1976. Since that time, tnousanas ot
parts for the F-4, F-1b, F-18 and AV-&B aircraft have been processea. PMinmlr
has tnree production coaters in-house to support their extensive use of IV0
aluminum coatings. Once a month for each coater, two 4- by 6-inch, 4150 steel
specimens are IVD aluminum coated to each of the three thickness classes.

These process control specimens are sent to the (uality Assurance iaboratory
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TABLE 13. MINIMUM REQUIREMENTS OF MIL-C-83488 FOR
NEUTRAL SALT FOG EXPOSURE.

Minimum Salt Fpg
Coati Test Requirement
Class oating

Thickness Type 12 | Type IIb

{in) (hr) thr)

1 0.0010 504 672

2 0.0005 | 336 504

3 0.0003 168 336

1

a Type | - as coated
b Type Il - with supplementary chromate
treatment

for corrosion resistance testing. Some z00C specimens nave been testea since

1970 (Reference 30). A1l of the specimens nave met M[L-C-834co requirements.

In adaition tc montnly in-house corrosion testing in support of aircraft
proauction, MCAIR also requires thct all new suppliers of tnhe IVD aluminum
coating process provide specimens for testing. Four IVD aluminum-coated
4-incn by o-incn, 4130 steel panels are reguired for each of tne tnree
tnickness classes. The specimens are submittea to the laboratory to verify
that the supplier can produce coatings tnat will satisfy tne corrosion
resistance requirements of MIL-C-63485. Since 1976, over 30 supplier coaters
have been certifieu (Reference 31). Unce a supplier bpecomes certified as an
approved source, he must perform monthly corrosion resistance tests to the
MIL-SPEC requirements. Suppliers nave not reported any problems meeting tnese

conditions.

MCAIR's laboratory research with 1VD aluminum coatings providges an
additional source of corrosion test aata. Lorrosion resistance has been
measured and recorded for most coating cycles conducted in the lancratory.
These coating cycles incluue larye numbers of steel prototype parts tur MCALR,
other companies, and the military services. Subsequent reports or corrosion
performance by these external sources provide an important substantiation cof
MCAIR testing.
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The compilation of information over the past agecace from proguction
activities, laboratory evaluations, and independent testing has proauced «
unique and extensive data base on the corrosion resistance of 1VYu aluminum.
From this data base, a well substantiated, typical performance level for eacn
class of the IVD aluminum coating can be established.

An examination of the MCAIR data base was made for those specimens testead
to failure in a 5 percent neutral salt fog environment. Failure 1s
considered to have occurred at the first sign or red rust whicn results when
the IVD aluminum coating 1is depleted to the extent it can no Jlonger
sacrificially protect the steel substrate. Soie  YUG data points were
randomly extractea for 4130 steel test panels representing nand-tixtured
details and alloy steel NAS bu4 fasteners representing barrel-fixturec
details. For the test panels, there are 148 data points for C(lass |
coatings, 167 for (lass ¢, and 56 for Class 3. For tne test tastfeners, tnere
are 13 data poinis for Class 1, 37 for Class 2, and 204 for Class ..

The MIL-C-83468 corrosion resistance r2quirement and tne average time 13
failure for the three VD aluminum coating classes are shown in Figure |

e

IVD aluminum performs extremely well. Class 1 coatings average approximately
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Figure 12. Average Test Re- ults Versus Minimum Requirements of Mil-C-83488.
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900U hours ana Class III coatings about 1000 hours in the 5 percent neutral
salt fog environment. Un the test panels, the average corrosion resistance
of Class 1, ¢, ana 3 IVU aluminum coatings exceeds the requirements of
MIL-C-83488 by a factor of 13.¢, 5.8, and 2.4, respectively. Fo. tne test
fasteners, the average corrosion resistance of Class 1, 2, ana 5 IVD aluminum
coatings exceeds the requirements of MIL-(-83488 by a factor of lz.¢, o.1,
and 3.0, respectively. The correlation between the test panels and fasteners
cloce and provid<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>